SUMMARY
Tribology, the study of adhesion, friction and wear of materials is a complex field which requires a knowledge of solid state physics, surface physics, chemistry, material science and mechanical engineering. It has been dominated, however, by the more practical need to make equipment work. With the advent of surface analysis and and advances in surface and solid state theory a new dimension has been added to the analysis of interactions at tribological interfaces. In this paper the applications of surface analysis to tribological studies and their limitations will be presented. Examples from research at the National Aeronautics and Space Administration's Lewis Research Center will be given. Emphasis will be on fundamental studies involving the effects of monolayer coverage and thick films on friction and wear. A summary of the current status of theoretical calculations of defect energetics will be presented. In addition, some new theoretical techniques which enable simplified, quantitative calculations of adhesion, fracture and friction are discussed.
I. I NTRODUCT I ON
Tribology, the science of surfaces in contact with relative motion, is a field with considerable technological importance. In spite of its importance there is still no complete understanding of mechanisms. This in part due to the range and complexity of the subject, involving many material combinations, lubricants, mechanical and material properties and chemical i n t erac t i ons .
Surface analysis is an important component in tribology since interfacial forces and material propertiesg' lo are determined by the composition of the interface. For example, most liquid lubricants are composed of some base oil plus additives. The reaction of these materials with the substrate and the shear in these films determines the friction and wear properties of the materials. However, these reactions and interfacial material properties are not well characterized and understood. Consequently, there is a substantial task involved in simply analyzing the composition of such interfaces both from a surface reaction standpoint and a mechanically induced reaction standpoint. [1] [2] [3] [4] [5] [6] [7] [8] The present paper attempts to outline the types of experiments in tribology where surface analysis is of interest.
Examples range from lubricated contacts to the effects of monolayer adsorption. These examples will come primarily from research performed at the National Aeronautics and
Space Administration Lewis Research Center's Surface Science and Tribology
Branch and are not meant to represent a comprehensive review of the literature. The emphasis is to relate friction and wear to reactions at and composition of the interface. A summary of the current state of surface theory as applied to tribology will also be presented.
I I. BACKGROUND
As was stated in the introduction the purpose of this paper is to provide a background for where surface analysis is needed in tribology. We physical mechanisms in these regimes also elucidate the problems involved in dry sliding or sliding with solid films.
In hydrodynamic lubrication the lubricant is forced through a convergent gap, develops a pressure and prevents contact between the surfaces. The design parameter is to obtain a film of sufficient thickness to prevent asperity contact. In this case failure is caused by an accidental contact or scuff which leads to the generation of a wear particle. Also the cyclic fatigue process mentioned above can lead to the generation of a wear particle. Often additives are included in the lubricant to protect the surfaces from severe wear during a scuff. A more subtle consideration is the zero flow at the lubricant solid interface. The strength of the bond of the lubricant at the interface as compared to the shear forces in the film are a topic of interest
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The second regime, elastohydrodynamic lubrication, occurs with decrease fluid viscosity or increased load. Under these circumstances the film thickness decreases. If the thickness decreases sufficiently the the asperities can penetrate the film and solid-solid contact may occur.
However, under these conditions high contact pressures cause an increase in the lubricant viscosity to the point depending on temperature that it behaves like an elastic solid and is somewhat akin to a solid lubricant. Again analysis of the composition of these films combined with friction and wear studies would be of interest.
Finally, when either the pressure is very high or the speed is low the lubrication is described as boundary lubrication. For this situation solid-solid contact is assured and either reaction films or monomolecular films provide the wear protection. Boundary lubrication provides t h e most accessible regime for surface analysis. Surface modification is another topic which should be mentioned. By this we mean deposition of hard or soft films by techniques such as sputter deposition or the modification of surface properties by ion-implantation. In either case analysis of the surface region and its correlation with tribological properties are of interest.
PROBLEMS AND GOALS
After establishing the need for analysis of conditions accompanying contacts we should discuss some of the problems facing the surface scientist in studying tribological systems. The principal interests are to determine the effect of interface composition on wear, adhesion and friction.
The first difficulty is that in situ analysis is not possible in most cases, whereas with a dry nitrogen ambient we only have evidence for iron-sulfur compounds. In fig. 4 we show the wear rate for the family of lubricants associated with dibutyl sebacate. There are a number of interesting features. The wear rate depends on the base stock as well as the additive.
In some base lubricants wear was decreased with addition of the ZDDP and i n others it was not. The oxalate plus additive gave very high wear which we concluded was due to corrosive wear by inspection and AES analysis of the pin. With the sebacate we see that the atmospheric oxygen is important in as compared to the nitrogen ambient whereas the additive seemed We now show a dry sliding result for the pin on disk apparatus shown 2 percent confidence level. The pin on disk experiment is some what ambiguous in this study in that only an anulus on the edge of the wear scar remains implanted once wear is beyond the depth of implantation at the center. An analysis of the geometry indicated that wear was only reduced in the implanted region. Consequently, there was no evidence for wear reduction beyond the range of implantation. It is for this reason that the 40 percent reduction in the run-in region was considered to be the significant test.
As a further example of "dry sliding", results are presented for hard coatings l8 which are of interest because of their high hardness and ability to withstand high temperatures. In fig. 8a we show the wear and friction for Mo2C radio frequency (RF) sputtered onto a 440C disk under three conditions; zero biased and etched, a (-300 V) bias with two minutes holding period and a preoxidized disk with a zero bias. The zero biased coating gave poor friction and wear whereas the films with a bias gave lower friction and
wear. An etched film with a bias and no holding period gave poor adhesion.
In figs. 8b and 8c we show X-ray photoemission spectroscopy (XPS) depth profiles of the three conditions. For no bias the film is a mixture of carbides and oxides. The biased pretreated films have similar compositions with carbides as the outer layer, but a transition oxide at the interface.
The improved wear is dependent on having the carbide surface whereas good adhesion seems to require the transition oxide. Therefore, the friction and wear properties can be correlated with the composition of the films as obtained from surface analysis. It should be pointed out that soft films such as molybdenum di-sulfide l9 lubricate by a shear in the film, a mechanism similar to liquid lubricants. Hard coatings have application in the cutting tool industries and decorative coatings industries. . 9c ) in that there w a s a large chlorine peak was stable, but the flourine showed EID and stability with rotation of the disk. The attenuation of the metal peaks is between PTFE and PVC. The results are less certain in this case. They suggest that chlorine is chemisorbed, but that there may be a patchy monolayer transfer film formed. . 10 ). These were performed by loading a metal pin against a metal flat and measuring the force needed to initiate sliding which is equivalent to measuring the static friction force. The effects of adsorption of partial monolayers of oxygen and chlorine on the surface were examined. The experiments were performed in an ultrahigh vacuum system with AES for characterization. Several metals were used: copper, iron and steel.
In all of these cases there seem to be no difference in the effects of oxygen 
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Another example of similar results can be found in Pepper's work on diamond . The diamond surface is known to be terminated by hydrogen. Pepper 25 found that the hydrogen could be removed by either electron bombardment o r heating in an ultrahigh vacuum system. Following either treatment, an extra feature appears in the electron energy loss spectrum ( fig. 13 ) that can be identified as extra states appearing in the band gap. If the converted surface is exposed to dissociated hydrogen, the extra states disappear from the energy loss spectrum. The low energy electron diffraction (LEED) pattern changes from a 1x1 to a 1x2 pattern on removal of the hydrogen. The interesting feature is that these changes can also be observed in the static friction coefficient ( fig. 14) . The coefficient of static friction with a metal ball is low before the conversion occurs. Following conversion the friction coefficient increases, therefore , changes in the electronic state and structure of the surface are detected in the friction coefficient.
Readsorbing the hydrogen returns the friction coefficient to its original lower value. These results correlate well with additional features occurring the energy loss spectrum, such as core level valence band excitations.
Desorption experiments of hydrogen give binding energies that were comparable to removal of hydrogen from methane. As further evidence, XPS shows the the surface becomes conducting when the hydrogen is removed. The XPS carbon peakfollows a bias voltage after the surface transformation, but does not prior to the transformation. We thus have a remarkable result, the surface is altered and these changes are detected in the macroscopic static friction measurements.
It is of interest to see if these effects can be observed in a dynamic friction experiment. The sliding friction results in a pin on disk apparatus in an ultrahigh vacuum system are rather remarkable26 ( fig. 15 ). Oxygen adsorbed on a metal disk in contact with a sapphire pin increases the dynamic friction coefficient. When the oxygen is removed and the layer is worn away the friction coefficient returns to its original value. Chlorine has the opposite effect, it lowers the friction force. Visual examination of the wear track on the disk shows severe roughening of the surface. The dramatic result is that a surface effect was detected in spite of a macroscopic roughening of the surface.
As a final example of such results the dynamic friction coefficient of an alumina sphere on an amorphous alloy, 67Fe-18Co-14B-lSi, was examined as a function of temperature . Fig. 16 shows the coefficient of friction as a function of temperature of the alloy. The samples were heated, loaded and then translated. As would be expected from mechanical considerations, the friction coefficient increases with temperature, however, between 350 C and They found that the strong bonding force had a range of an interplanar spacing and that the interface could have a binding force stronger than the cohesively weaker of the two materials. A point subject only to speculation before this work. Smith et a1 29 have calculated the binding energy at transition metal interfaces with a more complete quantum mechanical formalism. Rose, Smith and Ferrante3O found that the adhesive binding energy scaled onto one another thus giving a single shape. These points will discussed in more detail later.
Most techniques in solid-state calculations rely on the periodicity of 31 the lattice to simplify the calculations . This periodicity is lost at interfaces, consequently special approaches are needed. The theoretical models used depend on t h e materials comprising the interface. For example, at free-electron metal interfaces, binding may not be localized, whereas at transition metal, semiconductor or ceramic interfaces, we might expect localized bonding to be important. Pair potentials are often used to represent nonmetals . In this method, the interaction between atoms is approximated by some two-body potential, e.g., a Van der Waals potential, and We address this topic shortly but first we will give a more detailed discussion of the results of Ferrante, Rose and Smith.
These calculations used a one-dimensional jellium model corrected for three-dimensional effects. The adhesion energy was defined as where E is the total energy of the system, a is the separation distance between the surfaces of the two metals and A is the cross-sectional area.
The results of this calculation for the high-density surfaces of a number of simple metals in contact are shown in fig. 18 . Relaxation was not included this calculation, with both materials frozen at their bulk structures. We see that the binding curves have the general shape expected. The strength of the interfacial bond was quite high, comparable to surface energies of the bulk materials, and the range was of the order of interplanar spacings.
Rose, Smith and Ferrante found that these curves scaled ( fig. 19) i.e. the energy could be written in a form * * E = A E E (a 1 ( 2 ) * where a = (r-re)/l , AE is the binding energy, r is the equilibrium separation, and 1 is a scaling length determined from the binding energy and the second derivative of the binding energy at equilibrium and E (a 1 is some universal function. This scaling is more general than might first be anticipated, and in fact the scaling applied to a wider class of phenomena.
In fig. 20 , we show the results for scaling cohesive energies for a transition metal, bimetallic adhesion, chemisorption and a diatomic molecule. e f * Thus there is some underlying simplicity in certain types of binding.
These results lead us finally to the discussion of the semi-empirical techniques needed to model interfaces and defects. The first technique is the embedded atom method of Foiles, Daw and B a s k e~*~ In this procedure the energy required to embed an ion in a jellium is considered. The total energy is written in the form F(n) is called the embedding energy where, n, is the electron density, and the second term represents the pair repulsion between ion cores,where 2 . is the valence and r is the distance between ions. In its most recent form, the "universal" binding energy relation of Rose, Smith and Ferrante is used to define the embedding energy for the cohesive energy case. The electron density is obtained from overlapping atomic densities. Once the embedding function is obtained, it is applied to a defect, such as a surface, by overlapping the atomic densities and using the embedding function for the given material, along with the pair repulsion term to obtain the energy with a defect. Fig. 20 shows the results of applying this technique to determine the adhesion energy for three planes of nickel. The results give the correct trends, are for transition metals, are fully three dimensional and are substantially easier to obtain than the earlier method used by Ferrante and
Smith.
The next method we wish to describe is the equivalent crystal method of Smith and Banerjea43'44 .
energy relation. An ion in a defect is represented by an ion in a perfect crystal with a structure the same as the bulk material. Perturbation theory is applied to the difference between the ion in the defect and the ion in the equivalent crystal, giving
This technique also uses the universal binding
where the first term represents the energy of the atom in the crystal, and the rest of the terms represent the differences in the ion core-ion core interaction, valence electron kinetic energy, valence electron-ion core interaction, and valence electron-valence electron interaction between the crystal and the solid with defects.
Wigner-Seitz radius used in defining the distance in a to make the higher The problem is solved by picking the * order terms in the perturbation expansion disappear. With this accomplished, only the first simple term need be evaluated.
the method to accurately predict surface energies to an error of less than 10
Smith and Banerjea have used percent compared to the full quantum mechanical calculations. We note that experimental surface energies are extremely difficult to measure and reliable t o only plus or minus 20 percent at best. Smith and Banerjea have altered the model slightly to include a bond compression term in order to include surface relaxation and predicted the relaxation in the spacing between surface planes to high acccuracy. These results are particularly impressive, since they represent small energy differences. These are very difficult to obtain from the fully quantum mechanical calculations. It is necessary to extend this method to a wider class of materials. This extension and application to a wider class of defects is in progress. We point out that the fully quantum mechanical calculations are still needed, since many properties cannot be calculated with the semi-empirical methods and also as a test of the semi-empirical methods. Both this method, and the embedded atom method, are simple enough to treat relaxation problems.
The current status of solid state theory is not sufficient to describe the complexities involved in tribology. The methods described do not directly describe friction. These methods involve conservative processes whereas friction is non-conservative. Two methods for describing these loss mechanisms within the framework discussed come to mind. First to explain the thermal losses, one could use molecular dynamics, in fact, such efforts are currently progress . The other losses involve defect formation and plastic deformation of the solid which can be included into the methods described.
The problems are that any real experiment even those characterized as fundamental is quite complex from the theoreticians stand point considering the many material combinations and defect mechanisms. As 
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